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ABSTRACT
We characterise ionised gas outflows using a large sample of '330 high-luminosity
(45.5 < log(Lbol/erg s−1) < 49.0), high-redshift (1.5.z.4.0) quasars via their
[O iii]λλ4960,5008 emission. The median velocity width of the [O iii] emission line
is 1540 kms−1, increasing with increasing quasar luminosity. Broad, blue-shifted wings
are seen in the [O iii] profiles of '42 per cent of the sample. Rest-frame ultraviolet spec-
tra with well-characterised C ivλ1550 emission line properties are available for more
than 210 quasars, allowing an investigation of the relationship between the Broad
Line Region (BLR) and Narrow Line Region (NLR) emission properties. The [O iii]
blueshift is correlated with C iv blueshift, even when the dependence of both quantities
on quasar luminosity has been taken into account. A strong anti-correlation between
the [O iii] equivalent width (EW) and C iv blueshift also exists. Furthermore, [O iii]
is very weak, with EW<1 A˚ in '10 per cent of the sample, a factor of 10 higher com-
pared to quasars at lower luminosities and redshifts. If the [O iii] emission originates
in an extended NLR, the observations suggest that quasar-driven winds are capable
of influencing the host-galaxy environment out to kilo-parsec scales. The mean kinetic
power of the ionised gas outflows is then 1044.7 erg s−1, which is '0.15 per cent of the
bolometric luminosity of the quasar. These outflow efficiencies are broadly consistent
with those invoked in current active galactic nuclei feedback models.
Key words: galaxies: evolution
1 INTRODUCTION
X-ray and ultra-violet spectroscopy has revealed high-
velocity outflows to be nearly ubiquitous in high-accretion-
rate quasars (e.g. Tombesi et al. 2010; Ganguly & Brother-
ton 2008). Strong evidence for high-velocity outflows in the
vicinity of quasars include Broad Absorption Lines (BALs),
Narrow Absorption Lines (NALs) and blueshifted emission-
lines. These observations suggest that the energy released
by quasars can have a dramatic effect on their immediate
environments.
Quasars driving powerful outflows over galactic scales
has become a central tenet of galaxy evolution models in-
volving ‘quasar feedback’ (e.g. Silk & Rees 1998; Springel
? E-mail: phewett@ast.cam.ac.uk
et al. 2005; Bower et al. 2006). In recent years, significant
resource has been devoted to searching for observational ev-
idence of the phenomenon, leading to detections of outflows
in quasar-host galaxies using tracers of atomic, molecular,
and ionised gas (e.g. Nesvadba et al. 2006; Arav et al. 2008;
Nesvadba et al. 2008; Moe et al. 2009; Alexander et al. 2010;
Dunn et al. 2010; Feruglio et al. 2010; Nesvadba et al. 2010;
Alatalo et al. 2011; Cano-Dı´az et al. 2012; Harrison et al.
2012, 2014; Cimatti et al. 2013; Rupke & Veilleux 2013;
Veilleux et al. 2013; Cicone et al. 2014; Nardini et al. 2015).
One particularly successful technique has been to use
forbidden quasar emission-lines to probe the dynamical
state of the ionised gas extended over kilo-parsec scales in
quasar host-galaxies. Because of its high equivalent width,
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[O iii]λλ4960,50081 is the most studied of the narrow line
region (NLR) emission-lines. The [O iii] emission is found to
consist of two distinct components: a ‘core’ component, with
a velocity close to the systemic redshift of the host-galaxy,
and a broader ‘wing’ component, which is asymmetric and
normally extends blueward. The core component velocity-
width includes a contribution from the gravitational poten-
tial of the host-galaxy and the central supermassive black
hole. However, the velocity-width of the blue wing is too
broad for the gas to be in dynamical equilibrium with the
host-galaxy (e.g. Liu et al. 2013). The general consensus
is that the blueshifted [O iii]-emission traces relatively high-
velocity outflowing gas. The receding side of the outflow may
be obscured due to the presence of dust, either in the outflow
or elsewhere, and only the near-side of the outflow, which
is blueshifted, is observed. The relative balance between the
core and wing components varies significantly from object to
object, and governs the width and asymmetry of the overall
[O iii] emission profile (e.g. Shen & Ho 2014).
Observations of broad velocity-widths and blueshifts
in narrow emission-lines stretch back several decades (e.g.
Weedman 1970; Stockton 1976; Heckman et al. 1981; Veron
1981; Feldman et al. 1982; Heckman et al. 1984; Vrtilek
1985; Whittle 1985; Boroson & Green 1992). These stud-
ies rely, however, on small samples, which may target par-
ticular sub-types of active galactic nuclei (AGN), which are
not representative of the properties of the quasar population
as a whole. More recently, the advent of large optical spec-
troscopic surveys (e.g. the Sloan Digital Sky Survey; SDSS;
York et al. 2000) has facilitated studies of the NLR in tens of
thousands of quasars (e.g. Boroson 2005; Greene & Ho 2005;
Zhang et al. 2011; Mullaney et al. 2013; Zakamska & Greene
2014; Shen & Ho 2014), and the population statistics have
provided constraints on the prevalence and drivers of ionised
outflows. At the same time, spatially resolved spectroscopy
has revealed that at least a fraction of these outflows are
extended over galaxy scales (e.g. Greene et al. 2009, 2011;
Harrison et al. 2012; Hainline et al. 2013; Harrison et al.
2014; Bae et al. 2017) although Karouzos et al. (2016) cau-
tion regarding some of the inferred large spatial extents of
the outflows.
In general, however, these studies are based on AGN
at relatively low redshifts, z . 0.8, where the [O iii] emis-
sion is present in optical spectra. Investigations of large
samples have not included the redshift range when star for-
mation and supermassive black hole (BH) accretion peaked
(2 . z . 4), which is when correlations between properties of
the galaxy bulge and BH (e.g. the stellar velocity dispersion
- BH mass relation) are thought to have been established.
At these redshifts bright optical emission-lines including the
[O iii] doublet are redshifted to near-infrared wavelengths,
where observations are far more challenging. As a conse-
quence, observations at high redshifts have typically relied
on relatively small numbers of objects. These studies find
[O iii] to be broader in more luminous quasars, with velocity-
widths & 1000 km s−1common (e.g. Netzer et al. 2004; Kim
et al. 2013; Brusa et al. 2015; Shen 2016). These findings sug-
gest that quasar efficiency in driving galaxy-wide outflows
increases with luminosity (e.g. Netzer et al. 2004; Nesvadba
1 Vacuum wavelengths are employed throughout the paper.
Spectrograph Telescope Number
FIRE MAGELLAN 31
GNIRS GEMINI-N 28
ISAAC VLT 7
LIRIS WHT 7
NIRI GEMINI-N 29
NIRSPEC Keck II 3
SINFONI VLT 80
SOFI NTT 76
TRIPLESPEC ARC-3.5m 27
TRIPLESPEC P200 45
XSHOOTER VLT 21
Total 354
Table 1. The numbers of quasars with [O iii] line measurements
and the spectrographs and telescopes used to obtain the near-
infrared spectra.
et al. 2008; Kim et al. 2013; Brusa et al. 2015; Carniani et al.
2015; Perna et al. 2015; Bischetti et al. 2017). The fraction
of objects with very weak [O iii] emission also appears to
increase with redshift and/or luminosity (e.g. Netzer et al.
2004).
In this paper, we analyse the [O iii] properties of a
sample of 354 high-luminosity, redshift 1.5 . z . 4.0
quasars selected from the near-infrared spectroscopic cat-
alogue presented in Coatman et al. (2017). To date, this
is the largest study of the NLR-properties of high-redshift,
high-luminosity, broad-line quasars. In Section 2 we describe
our quasar sample and spectral line measurements. Section
3 presents our main results on the [O iii] line strength and
kinematics observed in the sample while Section 4 discusses
the potential implications of the observational results.
2 DATA
2.1 Quasar sample
From our near-infrared spectroscopic catalogue (Coatman
et al. 2016, 2017), we have selected 354 quasars which have
spectra covering the [O iii]λλ4960.30,5008.24 doublet. The
broad Balmer Hβ emission-line (4862.68 A˚) has also been
observed for all but two of the sample. For 165 quasars,
the spectra extend to cover the broad Hα emission-line
(6564.61 A˚). Optical spectra, the majority from the SDSS,
including the rest-frame ultraviolet C ivλλ1548,1550 emis-
sion are available for 258 objects. The distribution of the
quasars in the redshift-luminosity plane is discussed in Coat-
man et al. (2017) but, in summary, the sample covers a
wide range in redshift (1.5 . z . 4) and luminosity (45.5 .
log Lbol . 49.0). The spectrographs and telescopes used to
obtain the near-infrared spectra are summarised in Table 1.
2.2 Spectral Line Measurements
The data reduction and procedures employed to derive
emission-line properties are described in Coatman et al.
(2017). C iv emission-line properties (used to infer the
strength of BLR outflows) are taken directly from Coat-
man et al. (2016, 2017). Here we review the main elements
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of the scheme used to obtain parameters describing the Hα,
Hβ and [O iii] emission properties. Our approach is to model
the Hβ/[O iii] complex using a power-law continuum, an em-
pirical Fe ii template (taken from Boroson & Green 1992)
and multiple Gaussian components. Non-parametric prop-
erties are then derived from the best-fitting model. Com-
pared to measuring properties directly from the data, the
approach is more robust when analysing spectra with lim-
ited signal-to-noise ratio (S/N) and more effective when es-
timating properties of partially blended emission-lines. Shen
and collaborators have established a careful and well-defined
approach to such a parametrization of rest-frame optical
emission lines using near-infrared spectra of quasars (e.g.
Shen et al. 2011; Shen & Liu 2012; Shen 2016) and we
have deliberately ensured that our analysis follows their ap-
proach closely. For consistency we also adopt the Shen & Liu
(2012) definition of a full-width at half-maximum (FWHM)
=1200 km s−1as the division between emission ascribed to
the ‘narrow’ and ‘broad’ emission-line regions. Adopting
FWHM=1200km s−1as the boundary is a pragmatic choice
that breaks the potential degeneracy between ‘broad’ and
‘narrow’ emission-line regions for the majority of objects.
The absolute value of the FWHM adopted is, to a degree,
arbitrary and no real significance is ascribed to the proper-
ties of the small number of objects with emission-line profiles
where the FWHM lies close to the boundary.
Before a spectrum can be modelled, it must first be
transformed to the rest-frame of the quasar. The redshift
used in this transformation is either derived from the peak
of the broad Hα emission ('40 per cent of our sample), from
the peak of the broad Hβ emission ('40 per cent) or from
the peak of the narrow [O iii] emission ('20 per cent). The
rest-frame transformation is only required to be accurate to
within '1000 km s−1 of the true systemic redshift for our fit-
ting procedure to work. In Appendix A, we compare more
precise systemic redshift estimates based on our paramet-
ric model fits to the [O iii], Hβ and Hα lines, and demon-
strate that there is no significant systematic offset between
the results using the three different emission lines. The scat-
ter between the different redshift estimates is ∼300 km s−1,
much smaller than the outflow velocities we derive later in
the paper. The results of our study are therefore essentially
unaffected by the choice of systemic redshift. Thus, the esti-
mation of systemic redshifts using the hydrogen Balmer lines
and the [O iii] lines is essentially straightforward. It is worth
noting, however, that such is not the case when only rest-
frame ultraviolet spectra are available and considerable care
should be taken to understand the substantial systematic
errors in the calculation of systemic redshifts as a function
of the intrinsic quasar ultraviolet SED (e.g. Hewett & Wild
2010).
Prior to modelling the Hβ/[O iii] emission, we first sub-
tract the nearby continuum and Fe ii emission. A power-law
continuum and an optical Fe ii template - taken from Boro-
son & Green (1992) - are employed, using two ‘windows’ at
4435-4700 and 5100-5535 A˚. The Fe ii template is convolved
with a Gaussian, and the width of this Gaussian, along with
the normalisation and velocity offset of the Fe ii template,
are free variables in the pseudo-continuum fit. For 24 objects,
the procedure failed to remove the Fe ii emission adequately
from the spectra (Fig. 1) because the relative strengths of
the Fe ii lines differ significantly from those of I Zw 1, on
Model Components Fix centroids? Number
a 1 BG N/A 9
b 2 BG Yes 39
c 2 BG No 295
d 2 BG + 1 NG No 9
Table 2. Summary of models used to fit the Hβ emission, and the
number of quasars to which each model is applied. The number
of broad (BG) and narrow (NG) Gaussian components is given
along with, when applicable, whether the centroids of the broad
Gaussian components are constrained to be identical.
which the Boroson & Green (1992) Fe ii template is based.
The residual Fe ii emission is at rest-frame wavelengths very
close to the laboratory wavelengths of the [O iii] doublet,
which is generally weak. As a result, the [O iii] parameters
we derive are unreliable and the 24 objects are therefore
excluded from our analysis (leaving 330 quasars).
To illustrate the importance of the Fe ii subtraction pro-
cedure in order to measure [O iii]-emission properties reli-
ably, we consider the object J223820-092106 (shown bottom
row, second from right in Fig. 1). J223820-092106 was also
analysed by Shen (2016) and represents the only quasar for
which there is any significant disagreement regarding the
[O iii] emission from the two analyses. Shen (2016) find an
[O iii] detection but with a significance of only 2.0σ. In
our analysis, however, the emission is identified as poorly-
subtracted Fe ii. Irrespective of which analysis is correct, the
comparison illustrates the degree of caution that should be
exercised when interpreting the statistics of [O iii] emission
detections of low significance2
2.2.1 Modelling Hβ and [O iii]
In the majority of objects, broad Hβ emission is mod-
elled using two Gaussians with non-negative amplitudes and
FWHM>1200 km s−1. In nine objects Hβ is modelled with a
single Gaussian and in 39 objects Hβ is modelled with two
Gaussians, but the velocity centroids of the two Gaussians
are constrained to be equal. The 48 spectra generally have
low S/N, and adding extra freedom to the model does not
significantly decrease the reduced-χ2. In addition, there are
cases when the blue wing of the Hβ emission extends beyond
the lower wavelength limit of the spectra; in these cases mod-
els with more freedom are insufficiently constrained by the
data.
Contributions to the Hβ emission from the NLR
(FWHM .1200km s−1) are generally weak, and an addi-
tional Gaussian component to model NLR-emission is not
required. Features in the spectrum-minus-model residuals of
nine spectra, however, indicate that a narrow emission com-
ponent is significant, and an additional narrow Gaussian is
therefore included. If a NLR-contribution to the Hβ emis-
sion is present in more of the sample, then measures of the
2 It is worth noting that the ultra-violet-derived redshift for
J223820-092106 from Hewett & Wild (2010) is significantly in
error and the value of z = 2.33, measured using Hβ emission from
Shen (2016) and in this paper is correct.
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Figure 1. Spectra of the 24 objects for which significant Fe ii emission is still present following our Fe ii-subtraction procedure. The
original spectra are shown in grey with versions smoothed via convolution with a 200 km s−1 Gaussian kernel shown in black. The vertical
lines indicate the expected positions of the [O iii]λλ4960,5008 doublet (which is generally very weak in these objects) with the systemic
redshift defined using the peak of the broad Hβ emission. Significant residual Fe ii emission is present over some 10 000-15 000km s−1of
the 20 000km s−1-wide interval plotted for each spectrum.
Hβ velocity-width will be biased to lower values. Our sys-
temic redshift estimates, however, that use the peak of the
Hβ emission (Appendix A), will not be affected. The type of
Hβ model, and the numbers of quasars to which each model
is applied, are summarised in Table 2. Example fits to spec-
tra using the four models for Hβ are shown in the second
row of Fig. 2.
Each component of the [O iii]-doublet is fit with one
or two Gaussians, depending on the fractional reduced-
χ2 difference between the one- and two-Gaussian models.
The peak flux ratio of the Gaussians for the [O iii] 4960 A˚
and 5008 A˚ components are fixed at the expected 1:3 ra-
tio and the width and velocity offsets are constrained to be
equal3. The first Gaussian, with FWHM constrained to be
≤1200 km s−1, primarily models what might be termed the
3 For J003136+003421, a significantly better fit (∆χ2ν ∼ 25 per
cent) is obtained when the peak flux ratio constraint is relaxed;
the peak ratio of the best-fitting model is 1:2.13.
conventional NLR-emission contribution. A second Gaus-
sian, which may have FWHM>1200 km s−1, is included if the
reduced-χ2 of the model decreases by more than 5 per cent.
In practice, the second Gaussian models the, normally blue-
ward, asymmetric contribution to the [O iii]-doublet. One
hundred and twenty-eight spectra are fit with a single Gaus-
sian and 140 with two Gaussians.
For the remaining 62 objects, with very weak [O iii]
(mean equivalent width (EW)'2 A˚), the Gaussian model is
poorly constrained, leading to large errors on the [O iii] line
measurements. The properties of the 62 spectra are not used
in the analysis of the [O iii] kinematics but [O iii]-emission
EWs are of potential interest. As a consequence, [O iii] emis-
sion EWs are calculated by solving for the normalisation of
a specific [O iii] emission ‘template’. The template is gener-
ated by running our line-fitting routine on a median com-
posite spectrum constructed from the 268 quasars with re-
liable [O iii] line measurements. The spectra used to con-
struct the composite were first de-redshifted and continuum-
MNRAS 000, 1–14 (2018)
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Model Components Number
a Template 62
b 1 Gaussian 128
c 2 Gaussians 140
Table 3. Summary of models used to fit the [O iii]λλ4960,5008
emission, and the number of quasars to which each model is ap-
plied.
Model Components Fix centroids? Number
a 1 BG N/A 8
b 2 BG Yes 47
c 2 BG No 20
d 2 BG + NG Yes 42
e 2 BG + NG No 48
Table 4. Summary of models used to fit the Hα emission, and
the number of quasars to which each model is applied.
and Fe ii-subtracted. The resulting template is mildly blue-
asymmetric and has a FWHM '900 km s−1.
The [O iii] model parameters and the numbers of
quasars to which each model is applied are summarised in
Table 3. Example fits to spectra using the three models for
[O iii] are shown in the top row of Fig. 2.
Figure. 2 also includes example fits to eight objects
spanning the full range in derived [O iii] properties. The me-
dian reduced-χ2 value for the whole sample is 1.31 and, in
general, there are no significant features observable in the
spectrum −model residuals.
2.2.2 Modelling Hα
There are 165 quasars with spectra covering the
Hα emission-line. In Appendix A, we assess the reliability
of using the peak of the Hα emission as one estimate of
the quasar systemic redshift and here we describe how the
Hα emission was modelled.
The continuum emission is first modelled and sub-
tracted using the procedure described in Coatman et al.
(2017). We then test five different models with increasing
degrees of freedom to parametrize the Hα emission. The
models are summarised in Table 4. They are (a) a sin-
gle broad Gaussian; (b) two broad Gaussians with identi-
cal velocity centroids; (c) two broad Gaussians with dif-
ferent velocity centroids; (d) two broad Gaussians with
identical velocity centroids, and additional Gaussians to
model narrow Hα emission, and the narrow components of
[N ii]λλ6548, 6584 and [S ii]λλ6717, 6731; (e) two broad Gaus-
sians with different velocity centroids, and additional nar-
rower Gaussians. If used, the width and velocity of all nar-
row components are set to be equal, and the relative flux
ratio of the two [N ii] components is fixed at the expected
value of 2.96.
In order to determine which model is selected we em-
ploy the following procedure. Each of the five models are
fit to every spectrum and the reduced-χ2 recorded. Initially,
the model with the smallest reduced-χ2 is selected and the
change in the reduced-χ2 measured as the complexity of the
model is decreased (i.e. considering the models in Table 4 in
descending order). If using the simpler model results in an
increase in the reduced-χ2 which is less than 10 per cent,
relative to the best fitting model, then the simpler model is
selected.
2.2.3 Emission-line parameters
All [O iii] line properties are derived from the 5008.2 A˚ peak
but, as described above, the kinematics of [O iii]λ4960.3 are
constrained to be identical. We do not attach any physi-
cal meaning to the individual Gaussian components used in
the models. Decomposing the [O iii] emission into a narrow
component at the systemic redshift and a lower-amplitude,
blueshifted broad component is often highly degenerate and
dependent on the spectral S/N and resolution. Furthermore,
there is no theoretical justification that the broad compo-
nent should have a Gaussian profile. We therefore choose to
characterize the [O iii] line profile using a number of non-
parametric measures, which are commonly used in the lit-
erature (e.g. Whittle 1985; Zakamska & Greene 2014; Za-
kamska et al. 2016). The peak of the [O iii] emission is first
defined to be at 0 km s−1. A normalised cumulative velocity
distribution is then constructed from the best-fitting model
and the velocities below which 5, 10, 25, 50, 75, 90, and 95
per cent of the total flux accumulates calculated. The [O iii]
velocities for an example model are shown in Fig. 3.
We calculate the velocity-width, w90, containing 90 per
cent of the flux by rejecting 5 per cent of the flux in the blue
and red wings of the profile (w90 ≡ v95−v5). We also calculate
w80 (≡ v90 − v10) and w50 (≡ v75 − v25). w90 is relatively most
sensitive to the flux in the wings of the line, whereas w50
is relatively most sensitive to the flux in the core. In terms
of the FWHM, w50 ' FWHM/1.746, w80 ' FWHM/0.919,
w90 ' FWHM/0.716, for a Gaussian line profile.
Employing the model-fits to the spectra we create a
catalogue of derived line properties with the following fields:
1 Running quasar designation.
2-3 J2000.0 RA and Dec.
4-17 v5, v10, v25, v50, v75, v90 and v95 velocity of [O iii], rela-
tive to [O iii] peak, vpeak, and their errors, in km s
−1.
18-19 Systemic redshift, defined using the [O iii] peak wave-
length, and its error.
20-25 w50 (≡ v75 − v25), w80 (≡ v90 − v10) and w90 (≡ v95 − v5)
velocity-width of [O iii], and their errors, in km s−1.
26-27 Dimensionless [O iii] asymmetry A, and its error. The
asymmetry is defined as
A =
(v90 − vpeak) − (vpeak − v10)
(v90 − v10) .
28-29 Rest-frame [O iii] EW, and its error, in A˚ngstroms.
30-31 [O iii] luminosity, and its error, in erg s−1.
32-33 4434-4684 A˚ rest-frame Fe ii EW, and its error, in
A˚ngstroms.
34-35 Velocity of Hβ peak, relative to [O iii] peak, and its
error, in km s−1.
36-37 Velocity of Hα peak, relative to [O iii] peak, and its
error, in km s−1.
38-39 Redshift of Hβ peak, and its error.
40-41 Redshift of Hα peak, and its error.
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Figure 2. Example model fits to the continuum- and Fe ii-subtracted Hβ/[O iii] emission lines. The data is shown in grey, the best-fitting
model in black, and the individual model components in orange. The peak of the [O iii]λλ4960,5008 emission is used to set the redshift,
and ∆v is the velocity shift from the rest-frame transition wavelength of Hβ. The data-minus-model residuals, scaled by the errors on the
fluxes, are plotted below each spectrum. The top row shows examples of fits employing the three different [O iii] models (see Table 3).The
second row shows examples of fits employing the four different Hβ models (see Table 2). The two bottom rows show fits to eight objects
selected to illustrate the range of emission properties in the sample.
42 Fe ii flag. When flag is 1 Fe ii-subtraction procedure has
been unsuccessful (Section 2.2).
43 Extreme [O iii] flag. When flag is 1 [O iii] emission is
extremely broad and blueshifted (Section 3.4).
2.2.4 Uncertainties on parameters
Uncertainties on emission-line parameters derived from the
best-fitting model are estimated using the Monte Carlo ap-
proach described in Coatman et al. (2017). Two-hundred re-
alizations of each spectrum are based on the observed quasar
spectrum, with the fluxes at each wavelength generated by
adding ‘noise’, drawn from a Gaussian distribution with dis-
persion equal to the spectrum flux error. The line parameter
uncertainties are then estimated using half the 68 (84 - 16)
percentile spread of the parameter distribution in the en-
semble of simulations.
2.2.5 Quasars with low [O iii] EW
Notwithstanding the adoption of a fixed template to describe
the [O iii] emission in 62 of the spectra with very low [O iii]
EWs (Section 2.2.1) the kinematic parameters for objects
with low EWs are poorly constrained. In Fig. 4 we show
how the uncertainty in [O iii] v10 depends on the EW. As
the strength of [O iii] decreases, the average uncertainty in
v10 increases. When the [O iii] EW > 80 A˚, the mean un-
certainty in v10 is 50 km s−1; increasing to 450 km s−1 when
10 < EW < 20 A˚. As the EW drops below 8 A˚, uncertainties
in v10 become very large (exceeding 1000 km s
−1 in many
objects). [O iii]-parameters are thus very poorly constrained
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Figure 3. The emission model, and non-parametric measures
of the velocity-profile, illustrated using one component of the
[O iii]λλ4960,5008 emission, as described in the text.
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Figure 4. Uncertainty in v10 as a function of the EW, for [O iii].
Uncertainties in v10 are large to the left of the vertical line, at
8 A˚. These objects are not included in our subsequent analysis of
the [O iii] line shape.
at low EW and, for the subsequent statistical investigations
of the [O iii] kinematics, we therefore exclude objects where
the measured [O iii] EW < 8 A˚. Application of the threshold
EW leaves 226 quasars from which kinematic information
on the [O iii] line has been extracted.
3 [O III] EMISSION PROPERTIES IN
LUMINOUS QUASARS
3.1 Strength and kinematics of [O iii]
The large sample of luminous, high-redshift broad line
quasars with near infra-red spectroscopy enables, for the
10−2 10−1 100 101 102 103
EQW [A˚]
0.0
0.3
0.6
0.9
Pr
ob
ab
ili
ty
de
ns
it
y
(a)
0 500 1000 1500 2000 2500 3000 3500
w80 [km s−1]
0.0
0.1
0.2
0.3
0.4
Pr
ob
ab
ili
ty
de
ns
it
y
(b)
−1.0 −0.8 −0.6 −0.4 −0.2 0.0 0.2 0.4 0.6 0.8
Asymmetry A
0.0
0.5
1.0
1.5
2.0
Pr
ob
ab
ili
ty
de
ns
it
y
(c)
Figure 5. Probability density distributions of the [O iii] parame-
ters EW for 330 quasars (a), w80 for 226 quasars (b) and asymme-
try A for 134 quasars (c), generated using Gaussian kernel density
estimation. The kernel widths, which are optimised using leave-
one-out cross-validation (Kohavi 1995), are 1.4 A˚, 140 km s−1 and
0.08 for (a), (b) and (c) respectively. The 1200 km s−1 upper limit
on the velocity-width of the first Gaussian function used to model
[O iii] is responsible for the peak at 1200 km s−1 in (b).
first time, an exploration of the full range in observed NLR
properties. The 330 quasars exhibit a significant diversity in
[O iii] emission properties and the probability density distri-
bution of the [O iii] EW is shown in Fig. 5a. The maximum
EW is 391 A˚, while in 10 per cent of the sample the [O iii]
EW < 1 A˚. The median of the distribution is 14 A˚ and the
68 percentile range is 3 to 30 A˚.
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For the 226 quasars where [O iii] EW≥8 A˚ and the spec-
trum S/N allows line-widths to be measured, the median
line-width (characterized by w80 and shown in Fig. 5b)
is 1540 km s−1, while the 68 percentile range is 950 to
2100 km s−1, with a minimum of 300 km s−1 and a maximum
of 3200 km s−1.
For 40 per cent of the sample [O iii] is fit with a sin-
gle Gaussian, where, by definition, the asymmetry is zero.
The [O iii] asymmetry for the 134 quasars with two-Gaussian
emission-line fits is shown in Fig. 5c. For 90 per cent of the
134 objects [O iii] is blue-asymmetric. The median asymme-
try is −0.37 and the 68 percentile range is −0.61 to −0.12.
Blue-asymmetric structure and high-velocity gas is generally
believed to be associated with outflows. Our results there-
fore suggest that NLR outflows are prevalent in luminous
high-redshift quasars.
We also find weak correlations between these three
[O iii] parameters. The EW is anti-correlated with both the
line-width and asymmetry: as the [O iii] emission weakens
it becomes broader and more blue-asymmetric, consistent
with previous results (e.g. Shen & Ho 2014).
3.2 Luminosity-dependence of [O iii] properties
In this section, we compare our sample of luminous 2 . z . 4
quasars to a sample of z . 1 SDSS quasars in order to inves-
tigate the luminosity and redshift dependence of key [O iii]
parameters. We use 20 663 quasars with [O iii] measurements
from the Shen et al. (2011) catalogue. The median redshift of
these objects is 0.55 and the median bolometric luminosity
is 1045.5 erg s−1.
In Fig. 6 we show the [O iii] EW as a function of
the quasar bolometric luminosity. Bolometric luminosities
are estimated from monochromatic continuum luminosi-
ties at 5100 A˚, using the bolometric correction factor given
by Richards et al. (2006). Considering only the objects
for which [O iii] is detected with EW > 1 A˚, we observe
a decrease in the [O iii] EW as the luminosity increases
(from 17 A˚ at LBol = 1045.25 erg s−1 to 12 A˚ at LBol =
1047.75 erg s−1). Given the luminosity spans a full 2.5dex,
the decrease in the [O iii] EW (30 per cent) is very modest.
However, we find [O iii] EW < 1 A˚ in 10 per cent of the lu-
minous quasars, compared to just one per cent of the z . 1
SDSS sample.
In Fig. 7 we show that the [O iii] velocity-width
is strongly correlated with the quasar bolometric lumi-
nosity. The typical [O iii] velocity-width increases from
440 km s−1 at LBol = 1045.5 erg s−1 to 1850 km s−1 at LBol =
1048 erg s−1. The correlation, with the highest velocity-
widths associated with the most luminous quasars, is con-
sistent with the expectations for a model in which outflows
are driven by radiative forces.
Considering only objects in a narrow luminosity range
(1047 < LBol < 1047.5 erg s−1) we observe no correlations
between the redshift and either the [O iii] velocity-width or
EW. The lack of any evolution in typical [O iii] properties
between z = 0 and z = 1.5 has previously been reported
(e.g. Harrison et al. 2016); our sample demonstrates that
the [O iii] properties do not evolve significantly from z = 1.5
to z = 4.
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Figure 6. The [O iii] EW as a function of the quasar bolomet-
ric luminosity for the luminous quasars (blue symbols) and the
z . 1 SDSS sample (grey contours and points). An upper limit
at EW = 1 A˚ indicates points with EW < 1 A˚. The solid line
shows the median [O iii] EW as a function of luminosity and the
dashed lines show the 1-σ standard error on the median. The av-
erage EW decreases from 17 A˚ at LBol = 1045.25 erg s−1 to 12 A˚
at LBol = 1047.75 erg s−1). The fraction of quasars with very weak
[O iii] (EW < 1 A˚) is ten times higher in the luminous quasar
sample.
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Figure 7. [O iii] velocity-width, w80, as a function of quasar bolo-
metric luminosity. Objects with extreme [O iii] profiles (see Sec-
tion 3.4) are shown in red. The grey contours and dots show
z . 1 SDSS DR7 quasars. The FWHM measurements given by
Shen et al. (2011) have been converted into equivalent w80 val-
ues by assuming w80 ' FWHM/0.919. The build-up of points
at w80 = 1300 km s−1 is caused by the upper-limit imposed by
Shen et al. (2011) on the [O iii] FWHM. The typical [O iii]
velocity-width increases from 440 km s−1 at LBol = 1045.5 erg s−1
to 1850 km s−1 at LBol = 1048 erg s−1.
MNRAS 000, 1–14 (2018)
Kinematics of C iv and [O iii] emission in luminous high-redshift quasars 9
−1000 0 1000 2000 3000 4000 5000
C IV Blueshift [km s−1]
1.0
1.2
1.4
1.6
1.8
2.0
2.2
lo
g(
C
IV
EW
)[
A˚
]
−0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
lo
g
[O
II
I]
EW
[A˚
]
Figure 8. Location of quasars in the C iv emission-line blueshift
and EW parameter space. Our sample of 213 quasars is shown as
coloured circles and the locations of 32 157 quasars from the SDSS
DR7 catalogue are shown with grey contours. The [O iii] EW
varies systematically across the parameter space. In the small C iv
blueshift, high EW region the mean [O iii] EW is 47 A˚, reducing
to 6A˚ in the large C iv blueshift, low EW region.
3.3 Relating [O iii] NLR Outflow Signatures to
C iv BLR Outflow Signatures
The distribution of C iv emission-line blueshift and EW
provide a compact description of the diversity of broad
emission-line properties in the ultraviolet for high redshift
quasars (Sulentic et al. 2007; Richards et al. 2011). Of the
258 quasar spectra for which SDSS spectra of the C iv emis-
sion are available (Section 2), 45 correspond to quasars that
satisfy one or more of the three criteria i) excluded from the
[O iii]-emission sample due to poor Fe ii subtraction (Section
2.2), ii) have log(C iv EW)<1.2, and thus potentially unre-
liable C iv emission-line blueshifts or iii) are classified as
high-ionisation broad absorption line quasars. The remain-
ing sample of 213 quasars possess both C iv- and [O iii]-
emission line EW measurements and C iv blueshifts4.
In Fig. 8 we show the [O iii] EW as a function of the C iv
blueshift and EW. When [O iii] is strong, the C iv blueshift
is measured using the quasar redshift calculated from the
peak [O iii] emission. Otherwise, the C iv blueshift is mea-
sured using the quasar redshift calculated from the Hβ or
Hα emission lines. In Appendix A we show that redshifts
measured from [O iii], Hβ and Hα are consistent to within
∼ 300 km s−1, which is small in comparison to the sample
dynamic range in C iv blueshift. Also shown are contours
defining the location of C iv line parameters of 32 157 SDSS
DR7 quasars at redshifts 1.6 < z < 3.0. For the SDSS sam-
ple, systemic redshifts are taken from Allen & Hewett (2019,
in preparation).
4 C iv emission-line parameters are measured using the prescrip-
tion described in section 3.2 of Coatman et al. (2016).
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Figure 9. [O iii] EW as a function of the C iv blueshift for 213
quasars. The [O iii] EW is strongly anti-correlated with the C iv
blueshift. On the other hand, no strong luminosity-dependent
trends (indicated by the colours of the points) are evident.
The [O iii] EW decreases systematically from the small
C iv blueshift, large EW region of the parameter space to the
large C iv blueshift, small EW region. In the top left of the
distribution (C iv blueshift < 1000 km s−1, EW > 60 A˚) the
mean [O iii] EW is 47 A˚, while in the bottom right, (C iv
blueshift > 2000 km s−1, EW < 30 A˚) the mean [O iii] EW
is 6 A˚. For the 18 quasars with [O iii] EW < 1 A˚ and reli-
able CIV properties, the mean (median) blueshift is 2565
(2407) km s−1, with a standard deviation of 936 km s−1.
Figure 9 shows the [O iii] EW as a function of the C iv
blueshift for the 213 quasars. The luminosity of the quasars
is indicated by the colour of the points. Both the [O iii] EW
and the C iv blueshift are known to depend on the quasar
luminosity. However, Fig. 9 demonstrates that the strong
correlation between the C iv blueshift and [O iii] EW is not
driven by the mutual dependence of these parameters on
the luminosity. In the context of comparison to results of
other studies, it is important to note the very high luminosi-
ties of the sample, with even the faintest quasars possessing
log LBol > 45.5 erg s−1.
To compare the kinematic properties of the C iv and
[O iii] emission it is necessary to further restrict the sample
of quasars to ensure that the [O iii] emission measurements
in particular are reliable. The [O iii] blueshift is defined as
v10([O iii]) - vpeak([O iii]) and the C iv blueshift is defined
as v50(C iv) - vpeak([O iii]).
Taking the sample of 213 quasars used in Figs. 8 and 9
we therefore exclude (i) all objects with [O iii] EW<8 A˚ (see
Section 2.2.5), (ii) objects where the errors on the [O iii] and
C iv blueshifts exceed 250 or 125 km s−1 respectively and (iii)
two objects included among the 18 quasars with ‘extreme’
[O iii]-emission (see Section 3.4).
Figure 10 shows the blueshift of [O iii] as a func-
tion of the C iv blueshift for the resulting sample of 107
quasars with high-reliability blueshift measurements. The
dynamic range probed in this figure is limited because
[O iii] is very weak in quasars with C iv blueshifts exceeding
∼ 2000 km s−1. Despite this, we find the [O iii] blueshift to be
MNRAS 000, 1–14 (2018)
10 L. Coatman et al.
−1000 −500 0 500 1000 1500 2000 2500 3000
∆v(C IV) [km s−1]
0
500
1000
1500
2000
∆
v(
[O
II
I]
)[
km
s−
1 ]
46.0 46.5 47.0 47.5 48.0
log LBol [erg s−1]
Figure 10. Relationship between the C iv (v50(C iv) -
vpeak([O iii])) and [O iii] (v10([O iii]) - vpeak([O iii])) blueshift for
107 quasars from our sample. The C iv and [O iii] blueshifts are
correlated with Spearman correlation coefficient ρS = 0.46. The
correlation is independent of the quasar luminosity (indicated by
the colour of the points).
correlated with the C iv blueshift. The Spearman correlation
coefficient, ρS, is 0.46, with p-value = 6 × 10−7.
While deliberately having focussed on the sample of
quasars with errors in blueshift measurements below 250 or
125 km s−1for [O iii] and C iv respectively, the correlation is
also evident for the sample that includes quasars with larger
measurement uncertainties.
To test the robustness of the correlation we consid-
ered a number of alternative approaches to parametrising
both the [O iii] line shape and the systemic redshift. Very
similar trends are observed when the [O iii] line shape is
parametrised using v25−vpeak, v50−vpeak, w80 = v90−v10, or
the asymmetry A. The same trend is also observed when the
systemic redshift is defined using the peak of the Hβ emis-
sion.
The existence of a correlation between the [O iii] and
C iv blueshift shows that high-velocity winds in the NLR
are preferentially seen when strong winds are driven in the
vicinity of the central engine. Figure 10 demonstrates that
this correlation is not driven by the luminosity.
3.4 Extreme [O iii] profiles
Figure 11 shows the spectra of 18 objects which we visu-
ally identified as having [O iii] emission profiles with similar
characteristics to four extremely dust-reddened quasars at
z ∼ 2 identified by Zakamska et al. (2016). The extreme na-
ture of the [O iii] emission in their sample of red quasars
led Zakamska et al. (2016) to propose that these objects are
observed in the process of expelling the gas in their host-
galaxies and transitioning from a dust-obscured, starburst
phase to a luminous, blue quasar (e.g. Sanders et al. 1988).
The [O iii] emission in the 18 objects in our sample is
very broad (1800 . w80 . 3200 km s−1; Fig. 7). In many
of these objects the systemic, core component of [O iii] is
not detected. The [O iii] doublet is blended together, and is
also heavily blended with the red wing of the Hβ emission.
Flux from additional ions, such as Fe ii emission, may also be
making a significant contribution in the 4800-5000 A˚ region
of the spectra.
In Fig. 12 we compare the velocity-widths and rest-
frame 5 µm luminosities of the 18 quasars in our sample with
the four quasars from Zakamska et al. (2016). On average,
the Zakamska et al. quasars have higher luminosities (1046.7
versus 1046.3 erg s−1) but the difference is not unexpected
given that the Zakamska-sources were selected to have very
red (r −W4) colours. The [O iii] emission in the Zakamska
et al. quasars is also broader than in our sample (w90 = 5740
versus 3120 km s−1). However, the [O iii] velocity-width and
luminosity of the least extreme Zakamska et al. quasar has
properties very similar to our sample, and our objects are
consistent with the w90-5 µm luminosity relation derived by
Zakamska et al. (Fig. 12). While certainly relatively rare,
quasars with extreme [O iii] line properties similar to the
red quasars studied by Zakamska et al. are present in the
population of luminous, high-redshift quasars with conven-
tional ultraviolet SEDs.
4 DISCUSSION
The object sample used here is unique, consisting of a large
number of high-luminosity quasars drawn from the popula-
tion of ‘normal’ objects. The investigation thus compliments
the extensive work that has focussed on reddened, or ob-
scured, AGN (e.g. DiPompeo et al. 2018; Sun et al. 2018,
and references therein).
The three main observational results presented in Sec-
tion 3 are i) the correlation between the blueshifts of the
[O iii] emission and the C iv emission, ii) the anti-correlation
between the [O iii]-emission EW and the blueshift of the C iv
emission and iii) the order of magnitude increase in the frac-
tion of quasars which exhibit undetectable [O iii] emission
for the high-redshift, high-luminosity (& 1047.0 erg s−1) ob-
jects compared to the SDSS-quasars at lower redshifts and
luminosities (∼ 1045.5 erg s−1).
Blueshifted C iv emission is thought to arise in a high-
velocity accretion disc wind (see Netzer 2015, for a recent re-
view) with much of the emitting material believed to exist at
small distances, r . 1pc, from the supermassive black hole.
Detections of [O iii] emission on scales of many kiloparsecs
have been reported from studies of relatively small sample
of lower luminosity AGN (e.g. Liu et al. 2013; Harrison et al.
2014) but the location of the [O iii]-emitting gas in the high-
luminosity sample investigated here is not known. Indeed, a
potential physical cause of the change in the [O iii] emission
strength, particularly the reduction in the core-component,
is a systematic change in the quasar ultra-violet/X-ray
SED, resulting in photo-ionisation-induced variations in the
strength of the NLR emission.
The implications of the results in Section 3 for our un-
derstanding of the effect of outflowing material from lumi-
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Figure 11. Model fits to the continuum- and Fe ii-subtracted Hβ/[O iii] emission in 18 quasars with extreme [O iii] emission profiles. The
data is shown in grey, the best-fitting model in black, and the individual model components in orange. The peak of the [O iii] emission is
used to define the systemic redshift, and ∆v is the velocity shift from the rest-frame transition wavelength of Hβ. Below each spectrum,
the data- minus-model residuals, scaled by the errors on the fluxes, are shown.
nous quasars on their host galaxies therefore depends on
the physical location of the [O iii]-emitting gas and a better
understanding of the impact of photo-ionisation effects.
A significant step forward would be the unambiguous
detection of extended [O iii] emission and a reliable dis-
tance determination for the emitting gas. While integral
field unit observations provide spatially-resolved observa-
tions, the high-luminosity of the quasars and redshifts of
z ' 2−3 make such observations extremely challenging. The
difficulties are illustrated by the caution expressed about
the inferred spatial extent of [O iii] emission in a number of
studies of luminous quasars due to the need to model the
point spread function with high accuracy (Husemann et al.
2016).
Notwithstanding the lack of unambiguous evidence link-
ing the small-scale BLR outflows with [O iii]-emitting gas
at distances of kilo-parsecs in our high-luminosity quasars,
such a possibility has received recent attention (e.g. Zakam-
ska et al. 2016). In such a scenario the strong anti-correlation
between the C iv blueshift and the [O iii] EW suggests that
outflows are having a significant impact on gas extended over
kilo-parsec scales in the NLR. Dynamical time-scales for the
impact of fast moving outflows even on large NLRs are very
short: it would take only 106 years for an outflow travelling at
3000 km s−1 to reach 3 kpc. Lifetimes of luminous quasars at
these redshifts may be ∼ 107 years (e.g. Martini & Weinberg
2001) and if the BLR outflows can break out into the inter-
stellar medium of the host-galaxy, the NLR could be cleared
on a relatively short time-scale. One possibility is that the
BLR winds collide with the interstellar medium, shocking
and accelerating material to produce a galaxy-wide wind
(e.g. King et al. 2011; Faucher-Gigue`re & Quataert 2012).
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Figure 12. Velocity-widths, w90, and rest-frame 5 µm luminosi-
ties of the 18 quasars in our sample with extreme [O iii] emission
profiles and the four dust-reddened quasars from Zakamska et al.
(2016). Our sample lies close to the width-luminosity relation de-
rived by Zakamska et al.
As C iv blueshifts are generally weaker in lower-luminosity
quasars such a model also explains our finding that objects
with very weak [O iii] (EW < 1 A˚) are ten times rarer in
z . 1 SDSS quasars than in our sample of very luminous
quasars.
4.1 Possible mass outflow rate and kinetic power
The mass outflow rate and kinetic power of galaxy-wide out-
flows are important properties in order to understand the
role played by quasars in the evolution of galaxies. Under
the assumption that the results presented in Section 3 do
arise as the result of outflows affecting a NLR extending to
kiloparsec scales we calculate the mass outflow rate ( ÛM) and
kinetic power (PK) of the ionised outflows using the [O iii]
emission as a gas tracer (e.g. Harrison et al. 2012; Cano-Dı´az
et al. 2012; Liu et al. 2013; Brusa et al. 2015; Carniani et al.
2015; Bischetti et al. 2017; Kakkad et al. 2016). By making
reasonable assumptions for unknown quantities (including
the geometry, spatial scale and density of the gas in the out-
flow) we can calculate order of magnitude estimates of the
outflow properties. Our calculations are based on the model
of Cano-Dı´az et al. (2012), and a comprehensive description
of the assumptions in the model and their impact on the
inferred outflow properties can be found in Cano-Dı´az et al.
(2012) and Kakkad et al. (2016).
Following Cano-Dı´az et al., the mass in the ionised out-
flow is given by
M ' 5.33 × 107
(
C
10[O/H]−[O/H]
) (
L([O iii])
1044 erg s−1
)
×
〈
ne
103 cm−3
〉−1
M (1)
where L([O iii]) is the luminosity of [O iii] emitted in the
outflow (in units of 1044 erg s−1), 〈ne〉 is the electron density
in the outflowing gas (in units of 103 cm−3), 10[O/H] is the
metallicity (in units of Solar metallicity), C (= 〈ne〉2/〈n2e〉)
is the condensation factor (taken to be ' 1). Assuming a
conical outflow with uniformly distributed clouds out to a
radius R with a constant outflow velocity, the mass outflow
rate of the gas is given by
ÛM = 164
(
R
1 kpc
)−1 ( C
10[O/H]−[O/H]
) (
L([O iii])
1044 erg s−1
)
×
(
v
1000 km s−1
)
×
〈
ne
103 cm−3
〉−1
M yr−1 (2)
where v is the outflow velocity (in units of 1000 km s−1). The
kinetic power of the outflow (1/2 ÛMv2) is given by:
PK = 5.17 × 1043
(
R
1 kpc
)−1 ( C
10[O/H]−[O/H]
) (
L([O iii])
1044 erg s−1
)
×
(
v
1000 km s−1
)3
×
〈
ne
103 cm−3
〉−1
erg s−1 (3)
We assume the outflowing gas is represented by the broader
of the two Gaussian components in our [O iii] model and use
the luminosity of this component to estimate the luminosity
of the outflowing gas. The maximum outflow velocity (' v5 –
see Fig.3) is adopted as representative of the average outflow
velocity, with the lower velocities due to projection effects
(Cano-Dı´az et al. 2012). When the [O iii]-emission is repro-
duced by a single Gaussian there is no detectable outflow
component and such objects are not considered here. For the
outflow radius we use 4 kpc, which is broadly consistent with
spatially resolved observations of quasars at similar redshifts
and luminosities (e.g. Cano-Dı´az et al. 2012; Carniani et al.
2015; Brusa et al. 2016) and photo-ionisation estimates (e.g.
Zakamska et al. 2016) but see Husemann et al. (2016) for a
different view.
With these values, we calculate outflow rates which
range from a few to 4000M yr−1. The mean for our sample
of 134 objects is 560M yr−1. The kinetic power of the out-
flows ranges from ' 1041.8 to ' 1045.7 erg s−1, with a mean of
1044.7 erg s−1. The mean kinetic power corresponds to ∼ 0.15
per cent of the bolometric luminosity, reaching almost 1 per
cent in the most powerful outflows. However, if the ionised
outflow is accompanied by a neutral/molecular outflow an
order of magnitude more massive, then the kinetic power is
also likely to be an order of magnitude higher (Cano-Dı´az
et al. 2012), i.e. about 1.5 per cent of the bolometric lumi-
nosity for the mean kinetic power and 10 per cent for the
most powerful outflows. Such outflow efficiencies are in ac-
cord with recent AGN feedback models (e.g. Zubovas & King
2012), which predict a coupling efficiency between AGN-
driven outflows and AGN power of ∼ 5 per cent (see King &
Pounds (2015) for a review of the fundamental theoretical
considerations).
4.2 Comparison to established [O iii] emission
trends within the quasar population
The systematic, albeit with a very large scatter, decrease
in the [O iii] EW with quasar luminosity shown in Fig. 6 is
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in agreement with a number of previous investigations (e.g.
Brotherton 1996; Sulentic et al. 2004; Baskin & Laor 2005;
Zhang et al. 2011; Stern & Laor 2012). The origin of this cor-
relation – known as the [O iii] Baldwin effect (e.g. Baldwin
1977) – has not been demonstrated conclusively. The size of
the NLR (and hence the [O iii] luminosity) is predicted to
scale with the square root of the luminosity of the source
of ionising photons (e.g. Netzer 1990) and low-luminosity
Seyfert galaxies appear to obey such a relationship (e.g. Ben-
nert et al. 2002). Extrapolating to high luminosity quasars
leads to the prediction of NLRs with galactic dimensions.
Under these conditions, the size of the NLR will be limited
by the density and ionisation state in the NLR. In other
words, the NLR cannot continue to grow beyond the radius
at which there is no longer gas available to be ionised and the
luminosity of the NLR is predicted to saturate (e.g. Hainline
et al. 2013, 2014).
Shen & Ho (2014) showed how the [O iii] EW decreases
as the optical Fe ii strength (which is related to the Edding-
ton ratio) or luminosity increase. However, the amplitude
of the systemic, core [O iii] emission decreases faster than
the wing component. A by-product of the reduction of the
line core strength is that, overall, the [O iii] profile becomes
broader and more blueshifted as the broad wing becomes rel-
atively more prominent. If the anti-correlation between the
[O iii] EW and C iv blueshift is primarily driven by a reduc-
tion in the flux of the core component (as a stable NLR is
removed by the outflowing material), a correlation between
the [O iii] blueshift and C iv blueshift, similar to the one
seen in Fig. 10, is expected. A reduction in the flux of the
core component could also explain the anti-correlation be-
tween the [O iii] EW and blue-asymmetry / velocity-width
reported in Section 3.1.
5 CONCLUSIONS
We have assembled rest-frame ultraviolet and and opti-
cal spectra of 330 high luminosity, 45.5 . log LBol .
49.0 erg s−1, quasars with redshifts 1.5 . z . 4.0. For
the first time, the sample allows an investigation of
the C ivλλ1548,1550 emission and [O iii]λλ4960,5008 emis-
sion properties of high-luminosity, but otherwise ‘normal’,
quasars. The main observational results are:
• The correlation between the blueshifts of the [O iii]
emission and the C iv emission.
• The anti-correlation between the [O iii]-emission EW
and the blueshift of the C iv emission.
• The order of magnitude increase in the fraction of
quasars which exhibit undetectable [O iii] emission for the
high-redshift, high-luminosity (& 1047.0 erg s−1) objects com-
pared to SDSS-quasars at lower redshifts and luminosities
(∼ 1045.5 erg s−1).
• Eighteen objects possess very broad [O iii] emission pro-
files with similar characteristics to four extremely dust-
reddened quasars recently identified by Zakamska et al.
(2016). The properties of the 18 objects demonstrate that
such high-velocity [O iii] emission is present in a fraction of
otherwise normal high-luminosity quasars.
The implications of the results presented in Section 3
for our understanding of the effect of outflowing material
from luminous quasars on their host galaxies depends on
the physical location of the [O iii]-emitting gas. If the [O iii]-
emitting gas is located on physical scales of a kilo-parcsec
or more from the quasar, then the observations provide di-
rect evidence for the impact of quasar activity on galactic
scales. Such a conclusion, however, is dependent on yet to
be obtained direct evidence that the [O iii]-emitting gas in
such high-luminosity quasars extends to kilo-parsec scales.
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APPENDIX A: RELIABILITY OF SYSTEMIC
REDSHIFT ESTIMATES
In this section, we compare systemic redshift estimates based
on [O iii], Hβ and Hα. Redshifts are calculated using the
wavelength of the peak flux in the best-fitting parametric
model, which, in the case of the Balmer lines, may include
broad and narrow emission components.
We compare systemic redshift estimates based on [O iii]
and Hβ (Fig. A1a), [O iii] and Hα (Fig. A1b) and Hβ and
Hα (Fig. A1c). We generate probability density distributions
using a Gaussian kernel density estimator. The kernel width,
which is optimised using leave-one-out cross-validation, is
170, 120 and 140 km s−1 in Fig.s A1a, A1b and A1c respec-
tively.
There are 182, 85 and 162 objects compared in
Fig.s A1a, A1b and A1c respectively. We have excluded
[O iii], Hβ and Hα measurements when the uncertainties on
the peak velocities exceed 200, 300 and 200 km s−1 respec-
tively. We also exclude [O iii] measurements from 16 objects
with very broad, blueshifted [O iii] emission that is strongly
blended with the red wing of Hβ (these objects are discussed
in Section 3.4).
The scatter between the different redshift estimates
(360, 280, and 230 km s−1 in Figures A1a, A1b and A1c re-
spectively) is consistent with previous studies of redshift un-
certainties from broad emission-lines (e.g. Shen et al. 2016).
The systematic offset between the Hα and Hβ estimates is
effectively zero. However, the [O iii] redshifts appear to be
systematically offset in comparison to both Hα and Hβ, in
the sense that [O iii] is blueshifted in the rest-frame of the
Balmer lines. This effect is strongest when [O iii] is com-
pared to Hβ, in which case [O iii] is shifted by ∼ 100 km s−1
to the blue.
Hewett & Wild (2010) found that [O iii] was blueshifted
by ∼ 45 km s−1 relative to a rest-frame defined using pho-
tospheric Ca iiλλ3935,3970 absorption in the host galax-
ies of z < 0.4 SDSS AGN and that [O iii] is increas-
ingly blue-asymmetric at higher luminosities. Therefore, the
100 km s−1offset we measure is consistent with Hewett &
Wild (2010) once the very different luminosities of the two
samples are accounted for.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Comparison of systemic redshift estimates using
[O iii], Hβ and Hα. The probability density distributions are gen-
erated using a Gaussian kernel density estimator with 170, 120
and 140 km s−1 kernel widths for (a), (b) and (c) respectively.
The short black lines show the locations of the individual points.
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